We identified a novel structure-specific endonuclease in Pyrococcus furiosus. This nuclease contains two distinct domains, which are similar to the DEAH helicase family at the N-terminal two-third and the XPF endonuclease superfamily at the C-terminal one-third of the protein, respectively. The C-terminal domain has an endonuclease activity cleaving the DNA strand at the 5'-side of nicked or flapped positions in the duplex DNA. The nuclease also incises in the proximity of the 5'-side of a branch point in the template strand for leading synthesis in the fork-structured DNA. The N-terminal helicase may work cooperatively to change the fork structure suitable for cleavage by the C-terminal endonuclease. This protein, designated as Hef (helicase-associated endonuclease for fork-structured DNA), may be a prototypical enzyme for resolving stalled forks during DNA replication, as well as working at nucleotide excision repair.
INTRODUCTION
DNA replication is an essential process for the living organisms to maintain their lives. The DNA replication process have to be strictly regulated to occur only once during every S phase in the cell cycle. Moreover, highly accurate DNA strand synthesis according to the template sequence is required to transfer the genetic information from parent to offspring correctly and to form individual cells. Disruption of the mechanisms that regulate cell cycle control or accurate DNA synthesis leads to serious diseases, including cancer (Hoeijmakers, 2001) . To maintain the accuracy of DNA replication, many repair systems have been identified to date, including the proofreading activity of the replicative DNA polymerase itself and the mismatch repair system. The recombinational repair system has been closely focused on recently in recombination-coupled replication, because DNA is generally injured by spontaneous reactions of nucleotides or by environmental agents, such as radiation and alkylating agents. The replication fork processing is blocked at the damaged site, and therefore, the stalled fork has to be efficiently restarted. Homologous recombination is now recognized as a common repair process that is coupled with DNA replication, even under normal growth conditions (Kogoma, 1997; Haber, 1999; Kowalczykowski, 2000; Michel, 2000; Cox et al., 2000; Cox, 2001) .
Archaea, the third domain of life (Woese and Fox, 1977) , resemble the Bacteria in terms of cellular ultrastructure. However, many genes encoding proteins sharing sequence similarities with eukaryotic DNA replication proteins are present in all archaeal genomes (Olsen and Woese, 1997; Edgell and Doolittle, 1997; Ishino and Cann, 1998; Ishino, 1999, Leipe et al., 1999) . Several proteins involved in homologous DNA recombination are also conserved between Eukarya and Archaea. For example, the RecA/Rad51 family proteins have a central role in the initiation step by binding to single-stranded DNA (ssDNA), which results in the formation of a helical nucleoprotein filament (Kowalczykowski et al., 1994; Shinohara et al., 1995) . We characterized P. furiosus RadA and RadB proteins, which have sequences more similar to that of eukaryotic Rad51 than bacterial RecA (Uemori et al., 1997; Hayashi et al., 1999; Komori et al., 2000a; Komori et al., 2000b) . Furthermore, the P. furiosus RPA, which is composed of three subunits like the eukaryotic RPA, but is different from bacterial SSB, clearly stimulated a RadA-mediated strand exchange reaction (Komori et al., 2001) . Regarding the Holliday junction (HJ) processing, activities for branch migration and resolution in mammalian cells have been characterized (Constantinou et al., 2001) ; however, the corresponding proteins have yet to be identified. We identified an archaeal HJ resolvase, named Hjc (Komori et al., 1999) . Hjc lacks sequence and three-dimensional structure similarities with any other known HJ resolvase (Komori et al., 1999; Komori et al., 2000c; Komori et al., 2000d; Daiyasu et al., 2000; Nishino et al., 2001a; Nishino et al., 2001b) .
To discern the similarities and the differences in the molecular mechanism of the homologous recombination process in the three biological domains, especially in the late stage, we searched for proteins involved in the HJ resolution in addition to Hjc in P. furiosus. In this study, we present an endonuclease activity that cleaves nicked duplex DNA produced by Hjc cleavage. Biochemical characterizations showed that the enzyme seems very likely to work at the replication fork. Sequence comparison with other proteins showed that the enzyme has some similarity to an endonuclease superfamily including XPF, and it is assumed that the endonuclease is involved in nucleotide-excision repair (NER). Mus81, a repair protein, also has some sequence similarity to the archaeal endonuclease, and it is predicted that Mus81 protein is also a structure-specific endonuclease. Combined with the knowledge about genetic studies of yeast MUS81 Boddy et al., 2000; Mullen et al., 2000) , these endonucleases may be involved in fork repair coupled with DNA replication. Furthermore, it may be assumed that the living organisms in Archaea and Eukarya have some common repair mechanisms.
MATERIALS AND METHODS
Synthetic DNA substrates. The synthetic Holliday junctions (4Jh and 4J), three-way junctions (3J and 3Jh), pseudo-Y (Hd1 and Hd2), looped-out (L10), mismatched (G/A), and duplex DNAs (D) were prepared as described earlier (Komori et al., 2000d) . Other DNA substrates were made by annealing combination of oligonucleotide 1 (d27), 2 (d22), 3 (49N). 4 (F3-d47), 5 (F5-d42), 6 (d20), 7 (d28), 8 (49N2), 9 (d30), 10 (HSL-1), 11 (HSL-2), 12 (HSL-3), and 13 (HSL-4). The nicked (N), 3'-flap (3F), 5'-flap (5F), and pseudo-X (PX) DNAs were made from oligonucleotides 1-3, 2-4, 1+3+5, and 3-5, respectively. The synthetic fork-structured DNAs without a mobile region (FI), with a gap region on the nascent lagging strand (FG), containing a homologous core (FM), and containing a homologous core that can form a Holliday junction (FH) were prepared by annealing oligonucleotides 2+3+4+6, 2+3+4+7, 2+4+7+8, and 3+4+7+9, respectively. The synthetic Holliday structured DNA containing a 30 bp homologous core (HSL) was prepared from oligonucleotides 10-13.
Identification of the novel endonuclease activity.
The cosmid-based genomic library of P. furiosus was prepared, and heat-resistant protein extracts were obtained from 500 independent clones, as described previously (Komori et al., 1999) . Aliquots of the heat-resistant extracts were treated with RNase A (60 µ g/ml) at 37 ° C for 15 min. Then, the extracts were mixed with Hjc (0.1 nM) and 10 nM of 32 P-labeled Holliday junction (4Jh) in the cleavage buffer (10 mM Tris-HCl, pH 8.8, 10 mM MgCl 2 , 100 mM KCl, and 1 mM DTT), and were incubated for 1 hr at 60 ° C. After phenol extraction, the products were analyzed by 6% polyacrylamide gel electrophoresis (PAGE) in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.4) followed by autoradiography. Cosmid DNA prepared from the clone encoding the enhanced activity of Hjc was digested by Bam HI. The DNA fragments were inserted into pUC118, and their nucleotide sequences were partially determined. A region of 80 kb in length was focused on in the P. furiosus genomic DNA, and its nucleotide sequence was retrieved from the database (http://comb5-156.umbi.umd.edu/genemate/) using the determined sequence as the query. The open reading frames (ORF) in the retrieved sequence were deduced, and ten sets of primers were designed for cloning the gene clusters by PCR using LATaq DNA polymerase (Takara Shuzo) from the genomic DNA. The PCR products were inserted into the pGEM-T easy vector (Promega). The heat-resistant extract was prepared from each transformant, and the enhancement of the Hjc reaction was analyzed as described above. The pPF1 plasmid, containing a 4 kb fragment, was found to have the activity. A deletion mutant was prepared from pPF1 by digestion with Nde I followed by ligation with T4 DNA ligase. The resultant plasmid was designated as pPF1N.
Construction of the expression plasmid for truncated hef genes. To prepare the N-terminal and C-terminal truncated Hef proteins (N546, Met 1 -Ala 546 ; C547', Gln 547 -Glu 763 ), each truncated gene was directly amplified by PCR from P. furiosus DNA using two sets of primers, 5'-GCACTACCATGGTATTAAGGAGAGACTTAA-3' and 5'-GTCGTCGACTTAAGCCTTTACCTTCTTTTC-3' for N546, and 5'-GTCGACATATGCAAGAGGGTGTAAAAGTCG-3' and 5'-GTGCGTCGACCTACTCCTCATCCTCTATAT-3' for C547'. Pyrobest DNA polymerase (Takara Shuzo) was used to maintain the accuracy of amplification. To adjust the translational initiation codon, ATG, at the Nco I (for N546) or the Nde I (for C547') sites for the pET21d and pET21a expression vectors (Novagen), the recognition sequences were generated in each forward primer (underlined in the primer sequences). In the reverse primers, the Sal I site was placed just after the termination codon. The PCR products were digested by Nco I-Sal I or Nde I-Sal I and were inserted into the corresponding sites of pET21d or pET21a. The resultant endonuclease for stalled replication fork plasmids were designated as pN546 and pC547', respectively.
Purification of the truncated Hef proteins. E. coli BL21 codonPlus TM (DE3)-RIL (Stratagene) carrying pN546 was grown in 500 ml of LB medium containing 100 µ g/ml ampicillin and 20 ng/ml of chloramphenicol to an OD 600 of 0.4, and the expression of the gene was induced by 1 mM IPTG. After further cultivation for 7 hr at 37 ° C, the cells were harvested. The cells were suspended in buffer A (50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 0.5 mM DTT, 10% glycerol) containing 1 mM PMSF, and were disrupted by sonication on ice. The heat-resistant fraction, taken by centrifugation after incubation at 80 ° C for 10 min, was treated with 0.1% polyethylenimine. The proteins in the supernatant were precipitated with ammonium sulfate (80% saturation).
The precipitate was resuspended in buffer A containing 2 M ammonium sulfate, and was subjected to HiTrap Phenyl HP column (Amersham Biosciences). The protein was eluted at 0.6-0.25 M ammonium sulfate, and was dialyzed against buffer B (buffer A, except at pH7.5).
The dialyzate was loaded onto HiTrap SP (Amersham Biosciences), and the protein was eluted at 0.2-0.4 M NaCl. The fraction was diluted with four volume of buffer A, and was applied to HiTrap Q column (Amersham Biosciences). The flow-through fraction was loaded onto HiTrap heparin column (Amersham Biosciences), and the protein was eluted at 0.55-0.78 M NaCl. Due to the serious growth inhibition of E. coli BL21 codonPlus TM (DE3)-RIL carrying pC547' in liquid culture, cells grown on an agar plate were suspended up to an OD 600 of 0.3 in 500 ml of LB medium containing 100 µ g/ml ampicillin and 20 ng/ml of chloramphenicol. When the OD 600 reached 0.65 at 37 ° C, IPTG was added to a final concentration of 0.5 mM, and the culture was incubated further for 3 hr at 37 ° C. The cells were suspended in buffer C (50 mM Tris-HCl, pH 8.0, 0.5 mM DTT, 0.1 mM EDTA, 0.2 M NaCl, 1 mM PMSF) and were disrupted by sonication on ice. Further purification procedure was as described above. The C547' protein was eluted from HiTrap Phenyl FF (Low) column (Amersham Biosciences) at 0.8-0.05 M ammonium sulfate and was from HiTrap SP column at 0.17-0.31 M NaCl. The concentration of each purified protein was calculated by measuring the absorbance at 280 nm. The theoretical molar absorption coefficient of each molecule was calculated based on its number of tryptophan and tyrosine as described (Jarvis et al., 1989) . The molar extinction coefficients are 44,520 and 6,400 M -1 cm -1 for N546 and C547', respectively.
Endonuclease assays. The purified protein was incubated with various substrate labeled with 32 P at the 5'-or 3'-end in a cleavage buffer with or without 2 mM ATP at 60 ° C for 30 min. The products were mixed with loading buffer (98% deionized formamide, 1 mM EDTA, 0.1% xylene cyanol) and were analyzed by 15% PAGE in TBE buffer (90 mM Tris-borate, 2 mM EDTA) followed by autoradiography.
ATPase assay. The purified N546 protein (50 nM) was incubated with 500 mM ATP and [ α -32 P]ATP (50 pCi/ml) in the cleavage buffer in the presence and absence of various type of DNAs (200 nM) at 60 ° C for 0, 5, 10, 20, 40, and 60 min. Aliquots of reactions were analyzed by a thin layer chromatography. The amount of ATP and ADP were quantified from the autoradiograms using a laser-excited image analyzer (BAS5000, Fuji Film).
Western blot analysis. Rabbit polyclonal antisera were raised against the homogenous N546 and C547' proteins. P. furiosus cells (1 g) were disrupted by sonication in 15 ml of buffer A containing proteinase inhibitor (Complete TM , Roche Molecular Biochemicals) and the extract was obtained by centrifugation. The P. furiosus extract (800 ng) and the purified N546 and C547' proteins (each at 0.5 ng) were separated by 12% SDS-PAGE and were analyzed by western blotting using an enhanced chemiluminescence system (Amersham Biosciences) according to the supplier's recommendations.
RESULTS

Identification of the gene encoding a novel endonuclease.
For the purpose of identifying the branch migration activity in P. furiosus , we screened for an activity to enhance the Holliday junction (HJ) cleavage reaction by Hjc within the heat-stable protein libraries of P. furiosus, as described in the "MATERIALS AND METHODS". Among 500 independent heat-treated extracts from E. coli transformants, we isolated seven clones producing a protein that seemed to enhance the Hjc activity for HJ cleavage. The gene fragments in the cosmid isolated from one positive clone were subcloned, and the target activity was searched for in the heat-resistant cell extract from each transformant. One clone with the target activity was found, and the plasmid providing the activity was designated as pPF1 ( Fig. 1) . The pPF1 insert encoded three P. furiosus ORFs, which seem likely to compose an operon based on their gene organization (Fig. 1A ). Since the target activity disappeared when the gene for the third ORF (ORF3) was truncated, ORF3 seems to encode the protein responsible for the activity ( Fig. 1A and 1B ). When the reaction products were analyzed by 12% PAGE after the discovery of ORF3, two product bands, which could not be separated by 6% PAGE, were detected on the gel ( Fig. 1B and C) . In addition to the nicked duplex DNA (product of Hjc reaction), a new product band with slower migration came up by some activity derived from pPF1. This result showed that the activity we discovered by the screening described above was not an enhancement, but something different from the cleavage activity of Hjc. We characterized this activity in detail, and designated the protein encoded in the ORF3 as Hef (helicase-associated endonuclease forkstructured DNA) according to its structure-specific endonuclease activity, as described below.
Sequence comparison of Hef and its homologues.
The deduced amino acid sequence of Hef was used for a BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/), and similar sequences were found. The N-terminal twothirds of Hef has some similarity to the DEAH helicase family, and the C-terminal one-third has similarity to the XPF endonuclease ( Fig. 2A) . The N-terminal domain sequence is most similar to that of Mph1 from Saccharomyces cerevisiae . The MPH1 from S. cerevisiae was identified as a mutator gene and is proposed to be involved in a repair pathway that uses a novel, unknown mechanism (Scheller et al., 2000) . Mph1 homologs exist in other eukaryotes, including Schizosaccharomyces pombe , Arabidopsis thaliana , Drosophila melanogaster , mouse, and P-4Jh (10 nM) with or without 2 mM ATP at 60 ° C for 30 min. "HJ", "D", and "P" indicate Holliday junction, nicked duplex DNA generated by Hjc, and the product of Hjc and C547' treatment, respectively.
human. The C-terminal domain of Hef has some similarity to the predicted nuclease motif followed by two helix-hairpin-helix (HhH) motifs, found in the nucleotideexcision repair (NER) protein, XPF, and the recently identified Mus81 (Fig. 2B) . In Archaea, the sequence of Hef is highly conserved. Six of the eight euryarchaea with complete genome sequences have a Hef homologue.
Cloning and expression of the hef gene and preparation of the Hef protein. To investigate the function of the Hef protein, we constructed plasmids for the expression of the gene in E. coli . However, the fulllength Hef protein could not be produced in E. coli . Therefore, we tried to produce two domains separately. The gene for the N-terminal domain (Met 1 -Ala 546 ) was easily cloned into the same vector. The gene product expressed from the resultant plasmid, pN546, was designated as N546. In contrast, the cloning of the gene for the C-terminal domain (Gln 547 -Glu 763 ) into the same expression vector was difficult. One clone was obtained, however, the plasmid from the clone contained a single base substitution, which causes a single amino acid change from phenylalanine to leucine (this site is marked with an asterisk in Fig. 2B ). The sequence alignment revealed that the residue corresponding to the substitution in our plasmid is Leu in all of the eukaryotic proteins, as shown in Fig. 2B . The highly purified C-terminal domain containing a single amino acid substitution had the same cleavage specificity as observed at the screening from the library and also that from the cell extract from E. coli carrying pPF1 at least for the synthetic DNA substrates used in this study (data not shown). Therefore, the mutant protein was designated C547' and used for further characterization. Overproduction of this nuclease in E. coli is possibly very toxic and the single substitution of Phe to Leu in the protein may somewhat decrease the affinity of the protein to the DNA substrates, resulting in reduction of the activity. The recombinant N546 and C547' proteins were purified to homogeneity (Fig. 2C) . Western blot analyses using polyclonal antibodies against the N546 and C547' proteins showed that the Hef protein exists as the full-length form in P. furiosus cells (Fig. 2D ). However, a gel filtration analysis using a mixture of the purified N546 and C547' proteins revealed that these proteins did not associate with each other in solution, suggesting that these two regions exist as separate, distinct domains in the Hef protein (data not shown).
Effect of Hef on the Holliday junction cleavage activity of Hjc. The purified N546 and C547' proteins were each reacted with a 32 P-labeled synthetic HJ, with or without Hjc and/or ATP. The C547' protein, but not the N546 protein, changed the cleavage pattern of the HJ substrate with Hjc, like the activity of the cosmid clone originally isolated by the screening described above. This reaction did not require ATP (Fig. 2E) . The N546 protein did not exhibit this activity, even at a concentration of 1 µM in the reaction mixture (data not shown). As the concentration of the C547' protein was increased, the intensity of the band with slower migration became stronger (Fig. 3A) . When the reaction products were separated by denaturing PAGE (with 8 M urea), the size of the DNA strand produced by Hjc cleavage became shorter by the addition of C547' to the reaction (Fig. 3B) . Conversely, when a fixed amount of C547' was incubated with increasing amounts of Hjc, the ratio of the two product bands was constant (Fig. 3C) . To investigate how Hjc and C547' interact with each other to change the product DNA form, three mutant proteins of Hjc lacking cleavage activity (previously prepared, Komori et al., 2000c; Daiyasu et al., 2000) were used. No product band was detected from the reactions containing C547' and any of the three mutant Hjc proteins (Fig. 3D) . These results indicate that the shift of the product band by C547' depends on the HJ cleavage activity of Hjc.
The substrate specificity of the C547' and Hjc reaction was investigated in more detail. As shown in Fig. 3E , C547' did not affect the three-way junction, pseudo-Y, loop-out, G/A mismatch, normal duplex, and singlestranded DNAs, with or without Hjc. When the synthetic HJs containing a mobile junction core were used as substrates for this assay, a product band with faster migration was clearly detected in the presence of C547'. A very faint band was observed at the same position when the immobile junction was used as the substrate.
The C547' protein has an endonuclease activity. The observation of the shorter DNA product by the addition of C547' into the Hjc reaction showed that the nicked duplex produced by Hjc cleavage may be cleaved further at the 5'-side of the nicking site. To investigate the possibility of a second HJ cleavage by C547', the synthetic HJ was labeled with 32 P at the 5'-end or the 3'-end of each strand, and was used for the cleavage assay. When Hjc and C547' were incubated with a 5'-32 P-labeled HJ, C547'
cleaved at the 5'-side of the Hjc cleavage sites in all strands (data not shown). From the positions of the product bands, the C547' protein cleaves the nicked strand at a site about four bases to the 5'-side from the Hjc cleavage site. On the other hand, no additional product bands appeared from any of the strands when the 3'-end of the arm was 32 P-labeled. To confirm that the C547' protein recognizes and cleaves the nicked duplex DNA, a 32 P-labeled nicked duplex DNA was constructed.
As shown in Fig. 4 , the C547' protein incised the nicked duplex DNA at a site three to five bases on the 5'-side from the nicked position in the absence of Hjc. endonuclease for stalled replication fork Substrate specificity of the nuclease activity of C547'. The C547' protein cleaved nicked duplex DNA, but not HJ, three-way junction, pseudo-Y, looped out, and duplex DNAs (Fig. 3, 4) . To extend the examination of the structural specificity of the C547' endonuclease, synthetic 3'-flap, 5'-flap, and pseudo-X DNAs were prepared as substrates. The C547' protein cleaved all of the substrates described above at the 5'-side of the nicked position, without regard to the presence or absence of single-stranded flaps at the 5'-and/or 3'-side of the nicked position (Fig. 5A, B) . The C547' nuclease cleaved nicked duplex, 3'-flapped, 5'-flapped, and pseudo-X DNAs with almost the same efficiency. When an excess amount of C547' was reacted with a fixed amount of substrate, additional product bands were observed as a ladder in the direction of the 5'-end (Fig. 5C ). In the case of the 3'-32 Plabeled 3'-flap DNA, a major cleavage site and two additional sites were detected as in the case of the 5'-32 Plabeled 3'-flap, with an appropriate concentration of C547' (Fig. 5D) . These results imply that C547' cleaves at a Fig. 3 . Effect of various concentrations of the C547' protein on the HJ cleaving activity of Hjc. The C547' protein (10, 100, 500, and 1000 nM) was incubated with 5'-32 P-4Jh (10 nM) in the presence or absence of Hjc (0.1 nM) at 60°C for 30 min. The products were analyzed by 12% PAGE in TAE buffer (A) or by 9% PAGE containing 8M urea in TBE buffer (B). "HJ", "D", and "P" indicate Holliday junction, nicked duplex DNA generated by Hjc, and the product of Hjc and C547' treatment, respectively. (C) Effect of various concentrations of Hjc on the C547' activity. A fixed concentration of the C547' protein (100 nM) was incubated with 5'-32 P-4Jh (10 nM) and various concentrations of Hjc (0.1, 0.5, 1, 5, 10, 50 and 100 nM) at 60°C for 30 min. The products after phenol extraction were analyzed by 12% PAGE. (D) The C547' activity depends on the cleavage reaction of Hjc. 5'-32 P-4Jh (10 nM) was treated with the C547' protein (100 nM) and the wild type, R25A, D33A, or F72A mutant Hjc protein (0.2 nM) at 60°C for 30 min. (E) Substrate specificity of the C547' activity. C547' (100 nM) and/or Hjc (0.1 nM) were reacted with 10 nM of the 5'-32 P-labeled indicated structured DNAs (4Jh, 4J, 3Jh, 3J, Hd1, Hd2, L10, G/A, D, and single-stranded DNA) at 60°C for 30 min. The products were analyzed by 9% PAGE containing 8 M urea. The structure of each substrate is shown above the corresponding lanes, and the asterisks in the schemes of the substrates indicate labeled strands. The boxed areas show the mobile regions. Fig. 4 . The C547' protein cleaves nicked duplex DNA at the 5'-side of the nicked position. C547' (50 nM) and/or Hjc (50 nM) were incubated with 10 nM of 5'-32 P-labeled nicked DNA (N) at 60°C for 30 min. The products were analyzed by 15% denaturing PAGE. The cleavage sites generated by C547' are shown by arrowheads. The size of arrowheads represents the cutting efficiency. endonuclease for stalled replication fork site about three to five nucleotides away from the nicked site to the 5'-side, and the cleavage site is somewhat flexible within the few nucleotides (Fig. 5E) .
The metal ion dependence of the C547' nuclease activity was investigated. The C547' protein was active in the presence of MgCl 2 , but no activity was detected in the presence of EDTA. The optimum concentration of MgCl 2 for the endonuclease activity was 5-10 mM, which is similar to that of Hjc and the type II restriction endonucleases (data not shown). The activity was also detected in the presence of MnCl 2 , although the cleavage efficiency was decreased as compared with the reactions using MgCl 2 . In the case of MnCl 2 , the concentration had to be kept lower than 1 mM, because the C547' protein precipitated with higher concentrations of MnCl 2 in the solution. No cleavage products were detected in the reactions with CaCl 2 and ZnC l2 (data not shown).
C547' cleaves the template strand for leading synthesis in fork-structured DNA. The preferred structure of the substrate for C547' described above reminds us of the replication fork, which consists of a duplex DNA with a 3'-double-stranded DNA flap or a 5'-doublestranded DNA flap. Therefore, the synthetic 5'-32 Plabeled fork-structured DNA, which does not contain complementary sequences between the template strands for respective leading and lagging synthesis, was prepared and was used as the substrate for the C547' endonuclease reaction. Interestingly, the C547' protein incised the fork-structured DNA specifically in the template strand for the leading strand synthesis, and a duplex DNA containing a 5'-overhang and a gapped duplex DNA were generated (Fig. 6A) . With increasing concentrations of C547', more cleavage sites became apparent, as also found with other substrates (Fig.  6B) . No cleavage was detected in the strand corresponding to the nascent synthesis in the fork structure even with highest concentration of C547'. When a 3'-32 Plabeled fork-structured DNA was used for the cleavage assay, the detected product bands were consistent with those from the substrate with a 32 P-label at the 5'-end (Fig. 6B) . Then, a natural fork-structured DNA with a mobile sequence core, which allows a reversible structure change between the fork and the four-way junction (FH in Fig. 6E ), was subjected to the nuclease reactions. The cleavage patterns in Fig. 6C showed that C547' and Hjc cleaved the FH substrate at different positions. The cleavage positions are consistent with C547' and Hjc specifically recognizing the fork-structure and the four-way junction, respectively, and each cleaving the DNA strand with its respective specificity, as shown in Fig. 6E . In the case of the gapped fork-structure, the substrate with a mobile region, which can be converted to the fork with a single-stranded 3'-flap at the branch point (FM in Fig.  6D and E) was cleaved by C547', but the fork with an immobile gap (FG in Fig. 6D and E) was never cleaved.
No cleavage was detected in the strand corresponding to the nascent synthesis in either FM or FG. These results suggest that unwinding of the nascent strand on the leading synthesis strand is needed for the cleavage by the endonuclease. Based on the fact that nicked duplex DNA is an essential structure for a Hef substrate, the DNA strand corresponding to the nascent strand by leading synthesis has to be cleaved as an equal. However, our experiments showed that the cleavage specificity of Hef is clearly biased on the template strand for the leading synthesis.
N546 has specific affinity to a fork-structured DNA. The N-terminal domain of Hef has sequence motifs for the DEAH helicase family, and therefore, it is predicted that N546 has a helicase activity for unwinding the nascent strands to change the structure suitable for the Hef endonuclease. Our assays using synthetic forkstructured DNAs have not successfully detected any helicase activity in Hef. However, the DNA structure drastically affected the DNA-dependent ATPase activity of N546. The kcat values in the presence of normal duplex DNA are 24 mol/min, as compared with almost no activity with single-stranded DNA or without DNA. The ATPase activity was drastically enhanced by fork-structured DNA. The kcat values in the presence of immobile fork DNA (FI in Fig. 6 ) and a fork containing a gap (FG in Fig. 6 ) are 91.0 and 192 mole /min, respectively. The ATPase activity of the E. coli RecG protein, which is recognized as a junction-specific DNA helicase, shows the same feature (Whitby and Lloyd, 1998) . Our result indicates that N546 has higher affinity to the fork-structured DNA, especially the gap-containing fork, and this fact supports the idea that Hef works at the stalled replication fork for unwinding the nascent synthesis strand.
DISCUSSION
In this study, we identified a novel structure-specific endonuclease, designated as Hef, from P. furiosus. A homology search using the deduced amino acid sequence of Hef predicted that Hef consists of two domains, the DEAH family helicase domain (N546) and the XPF nuclease superfamily domain (C547) (Fig. 2A) . The biochemical analysis of each domain showed that the C547' protein (Phe 600 is replaced by Leu in C547) has basically the same cleavage specificity as those originally identified from the screening in this study and the cell extract of E. coli carrying the entire hef gene in pPF1. These activities recognize the nicked duplex DNAs, and cleaves the nicked strand at a site three to five bases away, on the 5'-side from the nicked position in vitro (Fig. 4) . Therefore, we decided to characterize the enzymatic properties of C547' protein to know the function of Hef endonuclease. Our investigation using many DNA substrates with various structures, as shown in Fig. 3-6 , suggested that Hef may work at the stalled replication fork. The replication fork is often arrested at damaged sites. Both the nucleosome structure and topological stress can also stall fork progression. Homologous recombination is recognized as the major repair system to alleviate fork arrest. A double-strand break at the stalled fork triggers the homologous recombination, and the Hef protein may be involved in this recombination-mediated repair system during DNA replication. The reason why extensive amount of C547' protein was required for the cleavage of the DNA in this study may include truncation of the protein and synthetic DNA substrates. The Hef protein probably works more efficiently in the P. furiosus cells. It is also possible that some other protein factors help Hef for its cleavage activity in the cells. The C-terminal domain of Hef has some sequence similarity to XPF superfamily proteins (Fig. 2B) . The eukaryotic XPF is a highly conserved protein that functions in nucleotide-excision repair as a 5'-incision endonuclease complexed with ERCC1 (Sijbers et al., 1996; de Laat et al., 1998) . The XPF-ERCC1 complex is also involved in interstrand crosslinking repair (Hoy et al., 1985; Kuraoka et al., 2000) and homologous recombination (Sargent et al., 2000; Niedernhofer et al., 2001 ). The well conserved signature sequence, ERKX 2 SD, in the Cterminal domains of the XPF superfamily proteins was predicted to be an active site for their nuclease activities . Indeed, our site-specific mutagenesis confirmed that the Asp residue in this motif of Hef is essential for the endonuclease activity presented here (data not shown). The yeast MUS81 gene encoding a novel XPF superfamily protein was originally isolated through the Mus81 protein interaction with Rad54 in S. cerevisiae , and by its involvement with the Cds1 checkpoint kinase in S. pombe (Boddy et al., 2000) . A synthetic lethal screening with SGS1, encoding the RecQ helicase, isolated several genes (SLXs), including SLX3, which is identical to MUS81 (Mullen et al., 2000) . From the genetic analyses of these yeast strains, the Mus81 protein seems to be involved in the recombinational repair pathway, in which it recognizes and processes the DNA damage.
The amino acid sequence of the N-terminal domain of Hef belongs to the DEAH helicase family. The DEAH family helicases exist in numerous organisms in Bacteria, Archaea, and Eukarya, and fulfill a large variety of cellular functions, especially in nucleic acid transactions (Gorbalenya and Koonin, 1993) . The Mph1 protein from S. cerevisiae is the most similar protein to Hef within the DEAH helicase family. Mph1 is involved in a DNA repair mechanism that has yet to be described (Scheller et al., 2000) . The RecQ heilcase family composes one group in the DEAH helicase family. The RecQ family of helicases is now well known to be involved in the stalled fork repair system. The E. coli RecQ helicase works to resume the replication fork in the recF recombination pathway (Courcelle et al., 1997) . Mutations of the SGS1 gene in S. cerevisiae cause hyper-recombination , and hypersensitivity to DNA-damaging agents (Mullen et al., 2000; Yamagata et al., 1998) and the protein is considered to be involved in restarting stalled replication forks (Chakraverty et al., 1999) . The human genes encoding the RecQ family proteins, BLM, WRN, and RTS, are directly involved in the genetic diseases known as Bloom's syndrome, Werner's syndrome, and Rothmund-Thomson syndrome, respectively (Ellis et al. 1995; Yu et al. 1996; Kitao et al. 1999) . Combining this information, the existence of the helicase-like sequence (including the RecQ family) as the N-terminal domain of the Hef protein is very interesting. The formation of the HJ by annealing nascent strands at a stalled replication fork has been suggested by recent studies (reviewed in Michel et al., 2001) . The built HJ can be cleaved by an HJ resolvase, such as RuvC, to proceed to the homologous recombination process. The BLM promotes the branch migration of the HJ in vitro (Karow et al., 2000) , suggesting that these RecQ family helicases actively work in the repair of the stalled fork. In Archaea, no protein with a sequence obviously similar to the RecQ protein, other than the Nterminal domain of Hef, has been deduced in the total genome sequences. Hef is the candidate for a helicase with functions similar to those of the RecQ family proteins described above. Although we have not succeeded yet in detecting an activity for the dissociation of either a typical helicase substrate or a Holliday junction in Hef, the immobilized fork-structured DNA-dependent ATPase activity of N546 supports the idea that Hef has a helicase activity that functions at a stalled replication fork.
The archaeal Hef protein provides a very interesting perspective in terms of the evolution of the XPF superfamily proteins. The XPF protein is also composed of two conserved domains in the N-and C-terminal regions (Fig. 7) . The N-terminal domain of XPF shares weak similarity with that of Hef, although the Walker motifs are disrupted in XPF (Sgouros et al., 1999; Gailland et al., 2001) . Hef is the only protein that seems to be a homolog of the XPF superfamily in the archaeal genomes. It remains to be investigated whether Hef is multifunctional in the archaeal repair system. However, the fact that both helicase and endonuclease activities exist in the Hef protein suggests the existence of a very effective DNA repair mechanism for the restoration of the stalled replication fork and nucleotide excision repair. A quick and effective repair system may be essential for hyperthermophilic organisms such as P. furiosus, in which much damage constantly occurs on the genomic DNA, because of their extremely high-temperature habitat.
During the preparation of this manuscript, three reports appeared describing the Mus81 protein as an endonuclease in S. cerevisiae (ScMus81), S. pombe (SpMus81), and human (hMus81) (Kaliraman et al., 2001; Boddy et al., 2001; Chen et al., 2001 ). These papers show that Mus81 is a subunit of a structure-specific endonuclease involved in replication fork stabilization. From the substrate specificity, SpMus81 (complexed with Eme1) and hMus81 are proposed to be nuclear HJ resolvases. On the other hand, ScMus81 (complexed endonuclease for stalled replication fork with Mms4) is presented as an endonuclease for stalled replication forks, but not for the HJ. Now it is very controversial as to whether the Mus81 complex is a bona fide HJ resolvase (Haber and Heyer, 2001 ). Our biochemical analyses of Hef, the archaeal Mus81 homolog, support the function of the eukaryotic Mus81 as working for the restoration of the stalled replication fork. The Mus81 complex may cleave the stalled fork directly at the branch point, but not via the formation of the HJ by the fork regression. Our in vitro analysis would be a good model experiment to determine the true substrate for the eukaryotic Mus81 endonucleases. The substrate specificity of Hef is also consistent with its function in the synthesis-dependent strand annealing (SDSA) mechanism in the recombination repair models (Allers and Lichten, 2001) as proposed for yeast Mms4-Mus81 complex (de los Santos et al., 2001) .
